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Historical Perspective
Plastics have been in existence for approximately 130 years. John Hyatt patented nitrocellulose, the first commercial plastic, in 1869. However, full-scale development and use of plastics is only approximately 50 years old. In contrast, metals have been in use for hundreds of years.
The application of engineering materials is unavoidably accompanied by the occurrence of failures, many of which have been catastrophic. The consequences of material failures, including deaths, financial losses, and legal ramifications, have encouraged the development of effective failure analysis methods. Although the cost of failure analysis may exceed the value of the part, the cost of service failures usually far exceeds the cost of failure analysis. Many of the techniques used over the years for the evaluation of metals have been successfully applied to plastics, with only minor modifications.
Fractography is arguably the most valuable tool available to the failure analyst. Fractography, a term coined in 1944 to describe the science of examining fracture surfaces, has actually been used for centuries as part of the field of metallurgy. Even before that, however, Stone Age man possessed a working knowledge of fracture. Archeological findings of lithic implements, weapons, and tools shaped from stone by controlled fracture indicate that prehistoric man knew how to select rocks with favorable fracture behavior, use thermal spalling to detach bedrock from the working core, and shape stone by pressure flaking.
Fractography, as we know it today, developed in the 16th century as a quality-control practice employed for ferrous and nonferrous metalworking. De La Pirotechnia, published by Vannoccio Biringuccio in 1540, [1] is one of the first documents to detail fractographic techniques. F ractography is critical to failure analysis of metals and plastics. Fractography of plastics is a relatively new field with many similarities to metals. Using case histories, various aspects of failure analysis and fractography of metals and plastics are compared and contrasted.
Failure modes common to both metals and plastics include ductile overload, brittle fracture, impact, and fatigue. Analogies can also be drawn between stress-corrosion cracking (SCC) of metals and stress cracking of polymers. Other metal/plastic failure analogies include corrosion/chemical aging, dealloying/ scission, residual stress/frozen-in stress, and welds/knit lines. Stress raisers, microstructure, material defects, and thermomechanical history play important roles in both types of materials. The key fractographic features for metals and plastics are described in this paper.
Practical Failure Analysis
Volume 2(5) October 2002 Invention of the optical microscope in 1600 provided a significant new tool for fractography, yet it was not used extensively by metallurgists until the eighteenth century. In 1722, R.A. de Réaumur [2] published a book with engravings that depicted macroscopic and microscopic fracture surfaces of iron and steel. Interestingly, the categories of macroscopic features developed by de Réaumur have remained essentially unchanged through the centuries.
Partly due to the development of metallographic techniques for examining cross sections of metals, interest in microfractography waned during the nineteenth century. Metalworkers continued to use fractographic techniques for quality-assurance purposes, but, for the most part, researchers and publications ignored fractography.
Several technological developments in the twentieth century revitalized interest in fractography. Carl A. Zapffe [3] developed and extensively used fractographic techniques to study the hydrogen embrittlement of steels. His work led to the discovery of techniques for photographing fracture surfaces at high magnifications. The first fractographs were published by Zapffe in 1943.
An even more revolutionary development was the invention of the scanning electron microscope (SEM). The first SEM appeared in 1943. Unlike the transmission electron microscope, which was developed a few years earlier, it could be used for fracture surface examination. An SEM with a guaranteed resolution of approximately 500 Å became commercially available in 1965. Compared with the optical microscope, the SEM expands resolution by more than one order of magnitude and increases the depth of focus by more than two orders of magnitude. The tools for modern fractography were essentially in place before plastics achieved widespread use.
Failure Analysis Overview
The general procedure for conducting a sound failure analysis is similar for metallic and nonmetallic materials. The steps include: (1) information gathering; (2) preliminary, visual examination;
(3) nondestructive testing; (4) characterization of material properties through mechanical, chemical, and thermal testing; (5) selection, preservation, and cleaning of fracture surfaces; (6) macroscopic examination of fracture surfaces, secondary cracking, and surface condition; (7) microscopic examination; (8) selection, preparation, and examination of cross sections; (9) identification of failure mechanisms; (10) stress/fracture mechanics analysis; (11) testing to simulate failure; and (12) data review, formulation of conclusions, and reporting.
Although the basic steps of failure analysis are nearly identical, some differences exist between metals and plastics. Nondestructive testing of metals includes magnetic-particle, eddy-current, and radiographic inspection methods that are not generally applicable to plastics, for obvious reasons. However, ultrasonic and acoustic emission techniques find applications for both materials.
Similarly, different chemical test methods are necessary. Typical test methods for metals are optical emission spectrometry, inductively coupled plasma, and combustion. Fourier transform infrared spectroscopy is used extensively to identify plastics by molecular bonding, and thermal testing, differential scanning calorimetry, and thermogravimetric analysis are also very important for polymer characterization. Energy-dispersive xray spectroscopy, used in conjunction with the SEM, is a very practical tool for elemental chemical analysis of both metals and plastics. Also noteworthy is that different chemical solutions are required for metals and plastics to clean and/or protect fracture surfaces and to etch cross sections to reveal microstructure.
Causes of Failure
Of course, the primary objective of a materials failure analysis is to determine the root cause of failure. Whether dealing with metallic or nonmetallic materials, normally, the root cause can be assigned to one of four categories: design, manufacturing, service, or material. Often, several adverse conditions contribute to the part failure. Many of the potential root causes of failure are common to metallic and nonmetallic materials.
Improper materials selection, overly high stresses, and stress concentrations are examples of design-related problems that can lead to premature failure. Materials selection must take into account environmental sensitivi- Fig. 1 Fracture of a glass-filled polyamide threaded part due to stress concentration at the thread root
